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Abstract 
 Nicotine is a widely popular addictive drug that alters neural circuits in the 
brain. The resulting neuronal plasticity is varied by the inherent circadian 
rhythm. During the circadian rhythm, high levels of melatonin are present in the 
dark phase and low levels in the light phase. Two immediate early genes, 
Activity-regulated cytoskeleton (Arc) and Early growth response 1 (Egr1), were 
used as markers to analyze the effects of nicotine-induced plasticity in the light 
and dark phases. The results showed lower levels of nicotine-induced neuronal 
plasticity (both Arc and Egr1 present in lower levels) in dark nicotine groups 
than in light nicotine groups. This is because nicotine-induced Arc and Egr1 
levels are suppressed in the presence of melatonin. Melatonin inhibits long term 
potentiation (LTP), which is an essential mechanism for neuronal plasticity 
(Wang et al, 2005). Hence the circadian rhythm does affect nicotine-induced 
neuronal plasticity by suppressing the effects of nicotine in the dark.  
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Introduction 
The Circadian Rhythm and Nicotine 
The Circadian rhythm, or the light/dark cycle, is a phenomenon that is 
known to play a key role in many physiological processes (Falcon and McClung, 
2009). The Suprachiasmatic nucleus (SCN) in the brain regulates plasma levels 
of melatonin, a hormone that is essential in maintaining the circadian cycle 
(Wang et al, 2005). High levels of melatonin are present during the night/dark 
phase and low levels exist in the light phase. Melatonin has been reported to 
regulate synaptic plasticity thus playing an imperative role in many physiological 
processes (Wang et al, 2005). Drug addictions, notably cocaine and ethanol 
addiction, has been shown to be influenced by the circadian rhythm (Gillman et 
al, 2008). This is due to the effects of drugs being perceived differently along 
various points of the circadian cycle.  
Nicotine and Immediate Early Genes 
Nicotine, a main component of cigarettes, is one of the most highly used 
addictive drugs in the world (NIDA). It is responsible for 90% of lung cancer 
cases in the U.S. (NIDA). Nicotine is an addictive drug that plays a role in 
modifying neural circuits in the brain to enable such effects as sensitization, 
tolerance, dependence and withdrawal. Nicotine plays a role in cholinergic as 
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well as glutamatergic systems (Schochet et al, 2005). Constant activation of a 
neuronal circuit induces changes in the circuit, referred to as neuronal plasticity. 
The neuronal plasticity occurring is mainly stimulated by multiple immediate 
early genes (IEG). IEG’s are indicative of the level of activity encountered by the 
neuron. Studies have shown a direct role played by IEGs in LTP and LTD 
(Loebrich and Nedivi, 2009).  
It is proposed that extracellular and environmental cues trigger 
transcription of IEGs which proceed to bring about changes such as synaptic 
plasticity (Loebrich and Nedivi, 2009). Some IEGs work to alter synaptic 
transmission and signaling by methods of dendritic branching, synapse 
maturation or synapse elimination in the neuron (Flavell and Greenberg, 2008).  
IEGs such as Arc (activity-regulated cytoskeleton protein) and Egr1 (Early 
growth response protein 1 also known as zif268) are known to play significant 
roles in neuronal plasticity.  
LTP and LTD 
LTP and LTD are factors that contribute to synaptic plasticity. Continued 
activation of a synapse results in an enhancement of the signal being received 
(Wang et al, 2005). This is known as long term potentiation (LTP). On the 
contrary, LTD, long term depression, results when constant activation of a 
neuron causes desensitization where the response, in the cell, to a stimulus 
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becomes diminished. IEG’s are seen to play a vital role in both LTP and LTD 
(Bramham et al, 2008).  
Egr1  
Egr1 and Arc are known to be involved in neuronal plasticity associated 
with learning and memory (Lonergan et al, 2010). Though both contribute to 
LTP, the two genes have diverse roles. Egr1 is generally regarded as a 
regulatory transcription factor whereas Arc is an effector IEG.  Egr1, a 
derivative of the zinc finger family, is shown to accumulate and function in areas 
undergoing LTP. Loebrich and Nedivi induced LTP, in rats, and noticed an 
increased expression of Egr1 mRNA. They conclusively stated that LTP not only 
correlates with high levels of Egr1 gene expression but is also required for the 
expression of Egr1 (Loebrich and Nedivi, 2009). Conversely, Egr1 KO mice 
didn’t have the ability to process LTP (Loebrich and Nedivi, 2009).  
Egr1 gene works as part of a cascade to trigger the transcription of 
several late-response genes (Lonergan et al, 2010). These late response genes 
then work to induce direct changes in the neuron leading to synaptic plasticity. 
Li et al (2005) states that Egr1 actively regulates the expression of Arc. 
Furthermore, mice lacking Egr1 and Egr3 genes also have dysfunctioning or 
absent Arc in all their neurons (Li el al, 2005). Egr1 is seen as an indirect player 
in plasticity as it does not involve in the mechanism for inducing change in the 
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neuron, rather it stimulates and regulates (as in the case of Arc) the 
transcription of many other genes that play a direct role in synaptic and neuronal 
plasticity.  
Arc 
Unlike Egr1, Arc plays a direct role in neuronal plasticity (Schiltz et al, 
2005). Arc is an immediate early gene with an effector function to act directly in 
modifying the cell (Lonergan et al, 2010). In addition to neuronal plasticity, Arc 
plays an extensive role in memory consolidation, occurring mainly in the 
hippocampus region (Schiltz et al, 2005). Arc is a required component of LTP 
and is seen to be playing an equally important role in LTD (Bramham et al, 2008; 
Loebrich and Nedivi, 2009).  
Arc is predominantly found in glutamatergic neurons (Cohen and 
Greenberg, 2008). The main stimulus for Arc transcription is NMDA receptor 
activation in the given neuron. Many studies propose that Arc transcription 
occurs in the soma of a neuron but is transported to the dendrites. The Arc 
mRNA accumulates and localizes in the dendrites until further signal. The 
activation of NMDA receptors in the dendrites triggers the translation of the Arc 
mRNA to Arc protein (Loebrich and Nedivi, 2009; Cohen and Greenberg, 2008). 
The transcription and translation of Arc is tightly regulated, which allows Arc to 
be highly sensitive to varying levels of neuronal activity. Loebrich and Nedivi 
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(2009) state that the regulation of Arc is highly efficient, so that a “single pulse 
of Arc translation” can occur in response to synaptic activity.  
 Arc’s main pathway in altering synaptic activity is to interact with the 
mechanism that underlies AMPA receptor expression on the cell surface. Arc 
interacts with endophilin and dynamin, part of the endosome machinery 
(Loebrich and Nedivi, 2009). In LTD, the presence of Arc is shown to accelerate 
the mGluR-mediated endocytosis of surface AMPA receptors (Chowdhury et al, 
2006; Loebrich and Nedivi, 2009). High activity leads to a higher rate of 
transcription and translation of Arc which then down regulates AMPA receptors 
expressed on the cell surface (Shepherd et al, 2006).  
Experiment 
Nicotine-induced neuronal plasticity can be tracked using Arc and Egr1 
markers. Nicotine’s effects might be altered at various times along the circadian 
rhythm due to the presence of melatonin and its ability to modify synaptic 
plasticity. This experiment was conducted to examine the relationship between 
the circadian rhythm and nicotine-induced neuronal plasticity.  
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Methods 
Subjects and Treatment 
 24 C3H/IBG mice were used for this experiment. They were divided into 
four groups with 6 mice each labeled dark saline (DS), dark nicotine (DN), light 
saline (LS) and light nicotine (LN). 
 The treatment (saline or 1mg/ml nicotine) was a single intraperitoneal 
injection administered either at 4 a.m. or 4 p.m. The specific time correlates 
with plasma melatonin levels: at 4 a.m. melatonin levels are at their peak ansd at 
4 p.m. melatonin levels are at their lowest (Mexal et al). After a period of 1 
hour, the animals were sacrificed and coronal slices of their brain were fixed 
onto slides.  
Probe Synthesis 
 Arc – The Arc gene was isolated and proliferated via PCR. The PCR 
product was then purified and ligated into PGMT vector. The plasmid was grown 
out on LB plates, after which they were purified and sequenced. The extracted 
template DNA was then synthesized into 35S-labeled riboprobe.  
 Egr1 – Linearized Egr1 plasmid was readily available. The template DNA 
was synthesized into 35S-labeled riboprobe. 
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 Synthesis of a riboprobe – The riboprobes were prepared in vitro, firstly a 
transcription reaction occurred where the template DNA was combined with 
transcription 10X buffer, rATP, rGTP, rCTP mix, RNAsin, radioactive 35S rUTP 
and RNA polymerase. The reaction was incubated for an hour at 37 degrees 
Celsius and the template was removed using 50mM MgCl2 and RQ DNAse. After 
another 30 minute incubation period, tRNA, NH4Oac and EtOH were added and 
vortexed, the supernatant was removed and the RNA probe was air-dried and 
resuspended in DEPC water.  
In Situ Hybridization 
The slides with the coronal slices of the mice brains were fixed with 
paraformaldehyde (PFA). After fixation, they were kept in a dessicator for 2 
hours. The radioactive probes were incorporated into a hybridization mixture. 
The hybridization mixture was applied onto the coverslips and the slips were 
placed over the slides. These were then placed in an oven overnight. The slips 
were removed the following day and the slides were washed with a series of 
solutions to remove any excess radioactivity. The sections were dried and 
exposed to film. This specific in situ procedure is a protocol from Dr. Stitzel’s 
lab, IBG and is referenced in Brooks et al, 2009.  
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Optiquant Analysis 
The films were analyzed using the software OptiQuant. The free drawing 
tool allowed the outlining of specific regions of the brain highlighted with the 
presence of high amounts of radiation from the probe. The measurements were 
taken in gross DLU, signifying the total amount of digital light unit present in the 
region selected, and also in DLU/mm2, which showed the density. Both values 
were analyzed.  
Statistical Analysis 
 Gross DLU and DLU/mm2 values were entered into Prism where a two-
way ANOVA was run to find significance (p < 0.05) among the data values. For 
areas that showed significant interaction without significant main effects, further 
analysis were performed through a one-way ANOVA, followed by a Tukey post-
test. 
Slide Organization 
Two sets of slides were acquired for each brain. The slides span the 
entirety of the brain (slices starting from the anterior region of the brain to the 
posterior region). Each set was hybridized with a different probe; hence the 
same subjects were analyzed with both Arc and Egr1.  
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The sections of each brain were spread out onto 5 slides, which for 
reference purposes were identified with F, A, C, D. F indicated the anterior 
portion of the brain; A indicated the anterior section of the brain where the 
caudoputamen is clearly visible; C indicated the anterior section where the 
hippocampus first begins to appear; and D indicated the posterior section where 
more of the hippocampus is visible.  
The following images were acquired from Optiquant to display the various slides 
and their associated brain regions. The abbreviations are explained in the 
results section. 
 
                                          
An example of slide F is displayed to 
the left. This slice is from the anterior 
region of the brain. The following 
structures were seen in this region of 
the brain: CTX 2,3, CTX 5,6 and CP.  
This image shows the software 
Optiquant that was used to analyze 
the brain sections.  
Slide A is also slices from the anterior 
region of the brain. The following 
structures were seen in this region of 
the brain: CTX 2,3, CTX 5,6, CP and 
PIR.  
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The posterior region of the brain is 
shown in slide D. The following 
regions were seen: CTX 2,3, CTX 5,6, 
CA1sp and CA3sp.  
Slide C displays the following 
structures: CTX 2,3, CTX 5,6, CA1 and 
CA3. 
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Results 
Areas of the Brain Analyzed  
When viewing in Optiquant, the brain sections showed many regions that 
had a high level of radioactivity. The cerebral cortex (CTX) was prominent in all 
of the slides – two distinct layers appeared within the CTX which were then 
labeled CTX regions 2, 3 and CTX regions 5, 6a. The caudoputamen (CP) was 
visible in the anterior portion of the brain and registered in slides marked F and 
A. The piriform area was also visible in the anterior section of the brain (slide 
A). The regions that were mainly analyzed in the hippocampus were hippocampal 
field CA1 and CA3 (found in slides marked C). CA1sp and CA3sp indicated the 
combined area of Field CA1 or CA3 with subiculum, pyramidal layer (found in 
slides marked D).  
General Trends  
a  b  
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c  
Figure 1-General trends in Arc 
a) high Arc levels observed generally in dark saline groups; in the light phase, light nicotine 
had more Arc expression. b) Hippocampal regions display high Arc in light nicotine compared 
to light saline in gross DLU plots. c) the reverse trend was observed where light saline 
shows higher Arc expression than light nicotine. 
 
From a visual analysis of the graphs, many general trends were noted. 
The dark saline groups, throughout most brain regions, had higher Arc levels 
than did the other three groups. Saline groups expressed elevated Arc, in gross 
DLU and in relative density, compared to nicotine groups in the dark. However, 
the reverse trend was observed in the light groups where subjects injected with 
nicotine seemed to express more Arc than did their saline counterparts (Figure 
1a).  
Most hippocampal areas (CA1, CA3, CA1sp and CA3sp) displayed a 
pattern of generally increased Arc levels in light nicotine in gross DLU graphs 
(Figure 1b). However, the accompanying density graphs revealed a slight 
increase in Arc in light saline over light nicotine (Figure 1c). Graphs displaying 
Arc in the CTX, CP and PIR all showed increased Arc expression in light nicotine 
groups over light saline groups, in both gross DLU and density. 
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a b  
c  
Figure 2 – General trends in Egr1 
 a) There is a pattern of generally high Egr1 expression in the light phase. b) In the 
hippocampus, Egr1 expression is higher in light saline groups compared to light nicotine. c) In 
contrast, in the caudoputamen, higher levels of Egr1 are expressed in the light nicotine group 
than the light saline group.  
  
Expression of Egr1 was seen to be higher during the light than in the dark, 
across most of the brain regions (Figure 2a). This appears to be in contrast with 
the trends associated with Arc. While the relative highest expression of Arc was 
generally seen with the dark saline treatment groups, Egr1 seems to be 
predominantly present in the light groups. Some regions exhibit their highest 
Egr1 levels in light saline while others show it in light nicotine. Most 
hippocampal regions (CA1, CA3, CA1sp and CA3sp) display high Egr1 in light 
saline rather than in light nicotine (Figure 2b). Areas such as the CP and PIR 
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show signs of increased Egr1 expression in light nicotine groups (Figure 2c). 
CTX regions show a mixed trend as anterior and posterior regions of the CTX 
(slides D,F) reveal higher Egr1 levels in light nicotine whereas CTX (slides A 
and C) express Egr1 more in light saline (Figure 3a and b). 
a b  
Figure 3 – Different CTX regions express varied levels of Egr1 in their light groups. a) in the 
posterior region of the brain CTX 2,3 expresses higher Egr1 in light nicotine groups whereas in 
the anterior region of the brain (b) CTX 2,3 higher Egr1 levels are found in light saline.  
 
Significant Relationships 
 Results from the two-way ANOVA  reveal if nicotine induced IEG 
expression is affected by the circadian rhythm. This is noted as a significant 
interaction. The two-way ANOVA also analyses to see if there are any 
significant main effects present. A main effect shows if there is a significant 
difference in probe expression between the light phase and the dark phase (time 
main effect) or between the nicotine treatment and the saline treatment 
(treatment main effect). If a set of data was seen to have a significant interaction 
but lacked main effects, then the data was subjected to a further round of 
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analysis. A one-way ANOVA was run with a Tukey post test to display any 
relationships between the 4 groups: DS, DN, LS, and LN.  
 Cerebral Cortex region 2, 3 – There was significant interaction between 
the two independent variables (time and treatment) in Arc gross DLU values in 
posterior brain sections (slide C). However, in the anterior section, only a main 
effect was found between the light and the dark groups in Arc density 
(DLU/mm2). Also in the anterior part of the brain (slide F), Egr1 gross DLU 
showed significant interaction.  
One-way ANOVA and Tukey post-test result: Egr1 gross has a 
significant difference in Egr1 levels expressed between the dark 
nicotine groups and the light nicotine groups. Therefore there is a 
significant main effect of time.  
 Cerebral Cortex region 5, 6a – No significant relationships were found for 
Egr1 in this region. CTX 5, 6-C, in both gross DLU and density, showed 
significant interaction for Arc. CTX 5, 6-F, in Arc density, revealed a significant 
main effect for time.  
 Caudoputamen – The anterior part of the brain showed many significant 
interactions for the CP region. Egr1 gross DLU, Arc density and Egr1 density all 
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displayed significant interactions. In addition, Arc density values had significant 
main effects for time and treatment variables.  
One-way ANOVA and Tukey post-test result: Egr1 gross and 
density both have a significant difference in Egr1 expression 
between dark nicotine and light nicotine. Thus there is a significant 
main effect for time.  
 Hippocampal field CA1 – Both Arc gross DLU and density had significant 
interactions in the CA1 region. In addition, they also displayed a significant main 
effect of treatment. 
 Hippocampal field CA3 – Both Arc gross DLU and density values had 
significant interactions. Arc gross DLU had significant main effects for time and 
treatment whereas Arc density only had significant main effect for treatment. 
 Hippocampal field CA1 + Subiculum, pyramidal layer (CA1sp) – Arc gross 
DLU revealed a significant interaction in this region. Arc density and Egr1 
values didn’t have any significant relationships. 
One-way ANOVA and Tukey post-test result: Arc gross data values 
show a significant difference in Arc expression between dark saline 
groups and dark nicotine groups. Hence there is a significant main 
effect for treatment.     
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Discussion 
Much of the results reflected relationships between circadian rhythm and 
nicotine-induced neuronal plasticity. Dark saline had a general pattern of 
expressing more Arc than dark nicotine while light nicotine expressed more Arc 
than did light saline (Figure 4a). This shows that in the dark, baseline (saline) 
neuronal and synaptic plasticity induced by Arc is higher than the effect of 
nicotine on transcripting and activating Arc. This is in contrast with the light 
period, where nicotine induced Arc is expressed at a higher level than baseline 
expression of Arc.  
 
Figure 4a – In the dark phase, saline groups expressed more Arc and in the light phase, nicotine 
groups expressed more Arc. 
 
Nicotine influences the neuronal plasticity as a mechanism in drug 
addiction. Arc, being an IEG that plays a key role in synaptic plasticity, therefore 
appears to be expressed in higher concentration in the presence of nicotine and 
light. Nicotine’s activity is increased in the light, where low levels of melatonin 
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are present. Nicotine induces LTP to stimulate synaptic plasticity (Huang, 2008) 
and LTP requires functioning Arc proteins (Li et al, 2005). Thus increased Arc 
expression, in the light, can be directly attributed to the presence of nicotine. 
 Conversely in the dark, saline Arc levels are higher than nicotine Arc 
levels. Nicotine associated Arc expression is much more lower than 
saline/baseline Arc levels and this can be accredited to the circadian rhythm. 
During the dark phase, melatonin is present in high levels. Wang et al (2005) 
suggests that melatonin inhibits LTP in a concentration dependent manner. Thus 
the higher the level of meltonin, as in the dark, the harder it is for LTP to occur. 
As noted before, LTP correlates with levels of Arc hence it is probable to see 
diminished levels of Arc with LTP inhibited. Hence the lower-than-baseline 
levels of Arc are explicable because melatonin reduces LTP associated Arc 
expression. The Arc levels present during dark saline is high even though 
melatonin levels are high as well. This is because melatonin does not affect 
baseline evoked responses, thus Arc required for and induced by processes 
other than LTP are not inhibited (Wang et al, 2005).   
  
Figure 4b – Overall Egr1 expression was generally higher in the light phase.  
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Arc in saline conditions is seen to be higher during dark periods than light 
while Egr1 is generally expressed more in the light periods (Figure 4b). Given 
Egr1’s role as a regulatory transcription factor, its presence in higher levels 
during the light period is essential. It is possible that neuronal plasticity occurs 
to a higher degree in the absence of melatonin, which can account for the 
increased Egr1 expression during the light period. 
 In the dark groups, saline expresses slightly more Egr1 than does nicotine 
and this is indeed due to high melatonin levels. LTP requires both Egr1 and Arc 
(Li et al, 2005). The high levels of melatonin inhibit LTP and reduce the amount 
of Egr1 and Arc present (Wang et al, 2005). Thus the low levels of Egr1 is due 
to the active blockade of LTP occurring by melatonin.  
  
Figure 5 – CTX expresses higher Egr1 in nicotine groups moreso than in saline groups during the 
light phase. 
 
Similar to findings in Arc, Egr1 expression in the CTX (posterior brain), 
CP and PIR is higher in light nicotine than light saline (Figure 5). This again is 
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attributed to the fact that nicotine induced plasticity functions through LTP, 
which requires a higher concentration of Egr1 (Li et al, 2005).  
Furthermore, statistical analysis revealed many significant interactions 
occurring in various regions of the brain. The hippocampus, involved in learning 
and memory consolidation, is an area of the brain that plays a crucial role in 
drug addiction (Flavell and Greenberg, 2008). LTP in the hippocampus requires 
the presence of both Arc and Egr1 (Li et al, 2005). Experimental results showed 
no significance with Egr1 expression but areas such as the CA1, CA3 and CA1sp 
were seen to have significant interactions in Arc expression (Figure 6a). Arc 
gross DLU for CA1sp demonstrated that there was a significant effect of 
nicotine between the light and the dark periods on Arc expression. Firstly, a 
one-way ANOVA portrays a significant difference in Arc expression between 
the saline and nicotine groups (treatment main effect), seen in Figure 6b. The 
Tukey post test showed significant difference in ARC expressed by dark saline 
and dark nicotine. In the dark, the Arc expressed by saline is much higher than 
the Arc induced by nicotine. Melatonin inhibited LTP accounts for the low levels 
of Arc in the dark nicotine group.  
The Effects of the Circadian Rhythm on Nicotine Induced Neuronal Plasticity 
24 
 
a b  
c
 
Figure 6 – a) Hippocampal fields have a significant pattern in Arc expression attributed to 
nicotine’s effects altered by the circadian rhythm. b) This plot depicts a significant difference 
between the dark saline and dark nicotine group. c) The gross and density plots for Arc in CA1 
region display a significant difference in Arc expression based on their treatment (main effect).  
 
 There is a notable increase in Arc from the dark nicotine group to the 
light nicotine group. This suggests that nicotine induced plasticity occurs at a 
larger scale during the light period. CA1 and CA3 regions show significant 
interaction displaying that the difference in Arc levels is due to nicotine 
administration at different points along the circadian cycle and there is a 
significant treatment main effect (Figure 6c). The CA1 and CA3 regions are seen 
to be particularly sensitive to treatment based Arc expression where the 
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combined Arc expression for saline is, in general, a higher value than that of 
nicotine. This is because the Arc expression for dark saline is rather high and 
light saline doesn’t produce diminished Arc levels, rather it maintains baseline 
levels. These values combined is higher than dark nicotine and light nicotine 
combined because even though light nicotine levels are high, dark nicotine 
shows suppressed Arc levels.   
The caudoputamen located in the anterior region of the brain, is generally 
attributed to stimulus-response learning (Graybiel, 1995). This is a vital region 
in drug addiction, as nicotine induced neuronal plasticity is a stimulus based 
response. Egr1 gross and Arc and Egr1 density data analysis showed a 
significant interaction and a main effect of time. Arc density also had a main 
effect of treatment (Figure 7a).  The expression of the IEG’s in this area, 
depended on the treatment administered and the time of administration. Tukey 
test results state that there is a significant difference between dark nicotine and 
light nicotine expression of Egr1 (Figure 7b and c). Nicotine influenced Egr1 is 
present in a far greater concentration in the light than in the dark, which further 
lends support that nicotine activity is increased in the light phase and 
suppressed in the dark phase.  
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a  
b c  
Figure 7 – a) Arc density plot for CP reveals a significant main effect for treatment. b) further 
analysis of Egr1 gross DLU plot resulted in one-way ANOVA revealing a significant difference 
between the dark nicotine and light nicotine groups.  
 
Contrary to other sets of data viewed for Arc, the graph for Arc gross 
DLU for CTX 2,3 and CTX 5,6, in the posterior region of the brain (slide C) 
reveals its highest expression of Arc for light nicotine groups rather than dark 
saline groups (Figure 8a). The nicotine effects on Arc expression in these 
regions were significantly different due to the influence of melatonin. There is a 
notable increase from dark nicotine to light nicotine, as LTP is no longer 
inhibited in the light phase. Nicotine induced more Arc in light than did dark 
saline or light saline. This supports the phenomenon that the presence of 
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nicotine in the system allows for an elevated rate in neuronal plasticity. It lends 
further support that the high melatonin levels, in the dark, suppress nicotine’s 
effects as nicotine-induced Arc is particularly lower in the dark.   
a b  
Figure 8 – a) CTX, in the posterior region of the brain, reveals higher Arc levels for light nicotine 
than dark saline. b) CTX, in the anterior region, shows main effect for time.  
 
In CTX 2,3 and 5,6 in the anterior portion of the brain, no significant 
interaction for Arc is observed. There is, however, a main effect for time in the 
ARC density plots (Figure 8b). The overall expression of Arc during the dark is 
significantly higher than the overall expression of Arc in the light. In this, dark 
nicotine expresses more Arc than does light nicotine, which isn’t a trend seen 
elsewhere.  
Egr1 Gross DLU in CTX 2,3 region shows significant interaction and upon 
further analysis has a significant difference between dark nicotine and light 
nicotine. Nicotine’s influence on Egr1 expression is much higher in the light than 
in the dark while there are similar levels of saline in the dark and light period. 
This is a clear picture of the effects of the circadian cycle on nicotine induced 
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neuronal plasticity. Nicotine’s effects are stifled in the dark by the presence of 
melatonin and their effects are enhanced in melatonin’s absence.  
The cortex and hippocampal regions of the brain are known for presenting 
a higher concentration of Arc due to nicotinic cues (Schiltz et al, 2005). The 
functions of these regions include cognitive properties, memory, learning and 
reward processing, all of which are involved in nicotine addiction. Hence it 
would be expected that nicotine targets neuronal plasticity in these areas to 
bring about the symptoms seen in nicotine addiction such as sensitization, 
dependence and withdrawal. The cerebral cortex, hippocampus and 
caudoputamen were also the regions well highlighted by the presence of IEG’s in 
the experiment, confirming nicotine-induced synaptic plasticity occurring in 
these imperative areas.  
Though previous literature had stated the influence of the light/dark cycle 
in context with drug addiction associated behaviors, its role in neuronal 
plasticity due to nicotine hasn’t been studied much. A drug’s effects were more 
potent during the light period in people with drug addictions.  Mooney et al 
(2006) noted that nicotine use in adult humans increased during morning hours, 
became stable in the afternoon and decreased prior to sleep. To investigate the 
role of the circadian rhythm on effects of nicotine, mainly neuronal plasticity, 
Arc and Egr1 levels were analyzed. Many significant relationships indicated that 
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the levels of Arc and Egr1 varied based on the treatment administered and the 
time along the light/dark phase it was administered at. Several areas of the brain 
showed expression of IEG’s on a time dependent manner acknowledging the 
relationship between melatonin and nicotine-evoked neuronal plasticity.  
Egr1 expression shows a general trend of high function during the light 
phase as opposed to the dark. This is expected as nicotine’s ability to modify 
neural circuitry is generally higher in the light phase. Egr1’s role to regulate 
transcription of other genes indicates its ability to induce a cascading pathway, 
hence amounting to a significant response. Arc’s expression due to nicotine was 
prevalent in the light than in the dark phase. Certain regions of the brain, such 
as CTX 2,3 and 5,6, in the posterior area in the brain, expressed higher levels of 
Arc in the light phase correlating with the phenomenon that neuronal plasticity 
occurred at an elevated level during the light phase of the circadian cycle. The 
depressed Arc and Egr1 levels seen, in the dark phase of nicotine induced 
subjects, is attributed to melatonin’s inhibition of LTP – a mechanism involved 
with synaptic plasticity induced by nicotine. 
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